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FAULT PROTECTION DEVICES AND
METHODS FOR POWER SYSTEMS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present disclosure relates to electrical power systems,
and more particular to ground fault protection devices for
clectrical power systems.

2. Description of Related Art

Power systems commonly include alternating current
(AC) power sources that supply direct current (DC) power
to devices requiring DC power through power converters.
The power converters convert AC power from the AC power
into DC power that may be supplied to one or more
DC-powered devices. The AC power may be converted into
the high-voltage direct current (HVDC) power that routed to
other power converters that change the voltage of the DC
power such that 1t 1s suitable the DC-powered devices.
Electrical 1solation between various power system compo-
nents typically limits current leakage between the power
system and ground to a few milliamps or less to prevent
current leakage between power system components. In some
power systems current leakages can develop within the
power system between conductors and/or energized compo-
nents and ground. In vehicular power systems such leakages
can cause the power system neutral-to-ground voltage dii-
ferential to shift. Current leakages can also occur from
distributed capacitance, which can result in the sympathetic
or nuisance trips during power system operation. Such
current leakage can influence reliability of the power system.

Such conventional methods and systems have generally
been considered satisfactory for their itended purpose.
However, there 1s still a need in the art for power systems
with improved fault protection. The present disclosure pro-
vides a solution for this need.

SUMMARY OF THE INVENTION

A power system 1includes a high-voltage direct current
(HVDC) bus with one or more DC channels connected to the
HVDC bus. An HVDC bus ground fault protection device 1s
connected to the HVDC bus and one or more of the DC
channels include a DC channel ground fault protection
device. The HVDC bus ground fault protection device is
operatively connected to the DC channel ground protection
fault device through the DC channel such that the DC
channel ground fault protection disconnects the DC channel
from the HVDC bus based on a comparison ol current
leakage from the HVDC bus with current leakage threshold
of the HVDC bus and a comparison of current imbalance 1n
the DC channel with a DC channel current imbalance
threshold.

In certain embodiments, the HVDC bus ground fault
protection device can include a current leakage detection
module optically coupled to an alternating current (AC)
signal injection module. The AC signal injection module can
include an 1solation transformer connected between positive
and return leads of the HVDC bus. An amplifier can be
connected to a signal generator to the 1solation transformer.
A logic module can be connected to the signal generator to
enable the signal generator based on optical mput from the
current leakage detection module. The AC signal 1njection
module can be configured to apply an AC signal to direct
current (DC) tlowing through the HVDC leads to cause the
DC channel ground fault protection device to determine
current 1mbalance in the DC channel.
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In accordance with certain embodiments, the current
leakage detection module can include a wheatstone bridge
connected between the positive and return leads of the
HVDC bus. A voltage divider module can connect an
absolute value module to the wheatstone bridge. An output
ol the absolute value module can be connected to first and
second voltage comparators. The first voltage comparator
can compare the output of the absolute value module to first
ground fault threshold reference, and the second voltage
comparator can compare the output of the absolute value
module to a second ground fault reference that 1s greater
than the first ground fault threshold reference. First and
second optocouplers can be connected to the first and second
voltage comparators for providing respective iputs to the
logic module of the AC signal injection module.

It 1s also contemplated that, in accordance with certain
embodiments, a permanent magnet generator (PMG) can be
connected to the HVDC bus through an active rectifier. A
disconnect switch can connect the PMG 1n series with the
active rectifier. A disconnect switch can connect the active
rectifier 1 series with the HVDC bus. The AC signal
injection module can include a delay module that 1s config-
ured to open the PMG disconnect switch 1n the event that the
channel ground fault protection determines that the current
leakage from the HVDC bus 1s not associated with current
imbalance 1n the one or more DC channels connected to the
DC bus. For example, the HVDC bus ground fault protec-
tion module can include a delay module that causes the
module to disconnect the HVDC bus from the PMG 1n the
event that current leakage from the HVDC bus does not drop
below the current leakage threshold of the HVDC bus within
a predetermined delay interval subsequent to application of
the AC signal.

It 1s further contemplated that a solid-state power con-
verter (SSPC) can be connected to the DC channel and can
include the DC channel ground fault protection device. The
DC channel ground fault protection device can be opera-
tively connected to a DC channel disconnect switch. A DC
current sensor can be connected to DC channel, a common
mode sensor can be connected to the DC channel, and a
disconnect controller can be connected to the DC current
sensor such that DC channel ground protection device
disconnects the DC channel using mputs from the current
sensor and the common mode sensor. A sense winding can
be electromagnetically coupled to the positive and return
leads of the DC channel. The DC channel ground fault
protection device can includes an amplifier connected to the
common mode current sensor, a synchronous detector con-
nected to the amplifier, and a comparator connected to both
the synchronous detector and a channel reference voltage
lead. The comparator can be arranged to output a disconnect
signal based on a comparison of the voltage corresponding
to current imbalance in the DC channel and a reference
voltage received through the channel reference voltage lead.

A method of protecting power systems from ground faults
includes receiving HVDC power from an HVDC bus at one
or more DC channels, determining whether current leakage
from the HVDC bus exceeds a predetermined current leak-
age threshold of the HVDC bus, and 1f the determined
current leakage exceeds the current leakage threshold of the
HVDC bus, then determining current imbalance the one or
more DC channels connected to the HVDC bus. In embodi-
ments, the method can 1include disconnecting one or more of
the DC channels from the HVDC bus when current imbal-
ance 1n the DC channel exceeds a predetermined DC chan-
nel current imbalance threshold. In certain embodiments, the
method can also include disconnecting the HVDC bus from
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a power source alter a delay time interval during which
current leakage from the HVDC bus does not drop below the
current leakage threshold of the HVDC.

These and other features of the systems and methods of
the subject disclosure will become more readily apparent to
those skilled 1n the art from the following detailed descrip-
tion of the preferred embodiments taken in conjunction with
the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

So that those skilled in the art to which the subject
disclosure appertains will readily understand how to make
and use the devices and methods of the subject disclosure
without undue experimentation, embodiments thereof wall
be described 1n detail herein below with reference to certain
figures, wherein:

FIG. 1 1s a schematic diagram of an exemplary embodi-
ment of a power system constructed in accordance with the
present disclosure, showing a bus ground fault protection
device and a channel protection device;

FIG. 2 1s a schematic diagram of the bus ground fault
protection device of FIG. 1, showing a leakage current
detection module and a AC signal injection module of the
bus ground fault protection device;

FIG. 3 1s a schematic diagram of the channel protection
device of FIG. 1, showing a current sensor of channel
protection device according to an embodiment;

FIG. 4 1s a schematic diagram of the channel protection
device of FIG. 1, showing a current sensor of channel
protection device according to another embodiment; and

FIG. 5 shows schematically shows a method of protection
a power system from ground faults.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(Ll

Reference will now be made to the drawings wherein like
reference numerals 1dentify similar structural features or
aspects of the subject disclosure. For purposes of explana-
tion and illustration, and not limitation, a partial view of an
exemplary embodiment of a ground fault protection device
in accordance with the disclosure 1s shown 1n FIG. 1 and 1s
designated generally by reference character 100. Other
embodiments ol ground fault protection devices and meth-
ods of protecting electrical devices from ground fault events
in accordance with the disclosure, or aspects thereol, are
provided in FIGS. 2-5, as will be described. The systems and
methods described herein can be used for electric power
distribution systems, such as in power distribution architec-
tures for more-electric vehicles.

Referring to FIG. 1, a power system 10 for a power
system 10 1s shown. Power system 10 includes a vehicle
chassis 12 and a power generation and distribution system
14. Power generation and distribution system 14 includes a
generator 16 connected to an active rectifier 32 through a
first contactor 40. Active rectifier 32 1s connected to a
high-voltage direct current (HVDC) power bus 34 through a
second contactor 42, and therethrough to a plurality of
clectrical loads, e.g. a first electrical load 18, a second
clectrical load 20, and a third electrical load 21, by a power
management and distribution system 22. In the illustrated
exemplary embodiment, generator 16 includes an alternating
current (AC) permanent magnet generator (PMG) with an
A-phase winding 24, a B-phase winding 26, and a C-phase
winding 28 arranged 1 a Y-connected stator winding
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arranged. Generator 16 has a generator neutral 30 that i1s
isolated from vehicle chassis 12.

A-phase winding 24, B-phase winding 26, and C-phase
winding 28 are connected to active rectifier 32. Active
rectifier 32 1s configured to receive AC power from genera-

tor 16, convert the AC power into direct current (DC) power,
and provide the DC power to a HVDC bus 34. HVDC bus
34 1s connected to power management and distribution
system 22, and therethrough to a plurality of DC channels,
e.g., a first DC channel 36, and a second DC channel 38, and
a third DC channel 39. The DC channels provide DC power
to DC loads through a solid-state power controller (SSPC)
connected to DC channel, e.g., a first SSPC 102 providing
power to a first channel load, and a second SSPC 104
providing power to a second channel load, and a third SSPC
105 providing power to a third channel load. Power gen-
eration and distribution system 14 1s electrically 1solated
from chassis 12 such that substantially no current flows from
power generation and distribution system 14 to chassis 12.
The SSPC devices are integral with a power management
and distribution system 22 and may include embedded
channel ground fault protection devices (shown in FIG. 3).

As will be appreciated by those of skill 1n the art in view
of the present disclosure, in some power distribution sys-
tems, gradual or mstantaneous breakdown of electrical 1so-
lation ‘E’ can facilitate current tlow between elements of
clectrical power system 14 and chassis 12. Such current
leakage, e.g., ground faults, may occur within power con-
verters of power generation and distribution system 14,
between conductors of HVDC bus 34 and chassis 12, and
between conductors of first DC channel 36 and chassis 12 or
second DC channel 38 and chassis 12. For example, wire
chalfling, component aging, contaminant intrusion, generator
insulation degradation, and/or excessive {filtering to ground
can cause current to flow to ground through ground faults or
through distributed capacitance. Current tlowing to ground
through distributed capacitance can cause sympathetic trip-
ping during ground faults, and may also cause nuisance
tripping during normal operation. Ground faults 1n high-
voltage direct current (HVDC) power systems can also
cause the power system neutral-to-ground voltage to shiit
and/or have different characteristic depending of the location
of the ground fault 1n the power distribution system. Exem-
plary ground faults are illustrated 1n FIG. 1 with exemplary
ground faults G, showing a generator ground fault, G,
showing a rectifier ground fault, G, showing a DC bus
ground fault, G, showing a ground fault on a first DC
channel, and G showing a ground fault on a second DC
channel. As used herein, HVDC refers to voltages carried by
conductors and/or electrical components that greater than
300 volts, for example 1n power distribution architectures
carrying voltages between 300 and 600 volts.

With reference to FIG. 2, bus ground fault protection
device 100 1s shown. Bus ground fault protection device 100
includes a leakage current module 106 that 1s optically
coupled to an AC signal injection module 108. Leakage
current module 106 and AC signal injection module 108 are
connected to HVDC bus 34. Leakage current module 106 1s
configured to determine whether current leakage from
HVDC bus 34 exceeds a predetermined HVDC current
imbalance threshold. Upon determining that current leakage
from HVDC bus 34 exceeds a predetermined current leak-
age threshold of HVDC bus 34, leakage current module 106
provides an optical indication to AC signal injection module
108 that current leakage from HVDC bus 34 exceeds the
current leakage threshold of HVDC bus 34.




US 9,859,085 B2

S

Upon receiving such indication from leakage current
module 106, AC signal injection module 108 applies an AC
signal to HVDC power tlowing through HVDC bus 34. DC
channel ground fault protection devices are coupled to
HVDC bus 34, e.g., DC channel ground fault protection
device 150 couples to first DC channel 36 (each shown 1n
FIG. 1), DC channel ground fault protection device 151
couples to second DC channel 38 (each shown in FIG. 1),
DC channel ground fault protection device 161 couples to
third DC channel 39 (each shown 1n FIG. 1), receive the AC
signal 1n DC power supplied to the DC channel, measure
current imbalances 1n first DC channel 36 and/or second DC
channel 38, and based on the measured current imbalance,
determine whether to disconnect first DC channel 36 and/or
second DC channel 38 from HVDC bus 34.

Leakage current module 106 includes a wheatstone bridge
110, a voltage divider 112, and an absolute value module
114. Wheatstone bridge 110 1s connected between a positive
HVDC lead 34A and a negative HVDC lead 34B of HVDC
bus 34, and 1s configured to current leakage within power
generation and distribution system 14 by determining cur-
rent imbalance at diflerent locations within power genera-
tion and distribution system 14. Voltage divider 112 1s
connected to a center poimnt of wheatstone bridge 110.
Absolute value module 114 1s connected to voltage divider
112, and 1s configured to output a voltage that corresponds
(e.g. 1s proportional) to current leakage from HVDC bus 34
corresponding to measurements acquired from wheatstone
bridge 110.

Absolute value module 114 1s connected to a first voltage
comparator 116 and a second voltage comparator 118. First
voltage comparator 116 includes a first reference voltage
lead 120, and 1s configured to compare voltages received
from absolute value module 114 and first reference voltage
lead 120. Based on the comparison, first voltage comparator
116 outputs an enable signal to a first optocoupler 122,
which 1s optically coupled to AC signal injection module
108.

Absolute value module 114 i1s connected to second volt-
age comparator 118 through a low pass filter 124. Low pass
filer 124 and a second reference voltage lead 126 are
connected to second voltage comparator 118, which com-
pares the voltage recerved with a reference voltage received
through second reference voltage lead 126. Based on the
comparison, second voltage comparator 118 outputs an
enable signal to a second optocoupler 128, which is optically
coupled to AC signal injection module 108. The second
reference voltage received by second voltage comparator
118 through second reference voltage lead 126 i1s greater
than the first reference voltage recerved by first voltage
comparator 116 through first reference voltage lead 120, and
corresponds to a bus current leakage threshold associated
with power generation and distribution system 14 above
which disconnect 1s warranted. As will be appreciated by
those skilled 1in the art in view of the present disclosure,
indication of current leakage from HVDC bus 34 may be
indicated by current imbalance between positive and return
leads, and may be associated with ground fault.

AC signal 1mjection module 108 includes an 1solation
transformer 130, an amplifier 132, and a signal generator
134. An enable OR logic module 136 1s connected to signal
generator 134, and 1s configured to cause signal generator to
output a fixed signal of predetermined frequency for injec-
tion through amplifier 132 and 1solation transformer 130 on
to DC power tlowing through HVDC bus 34. In this respect
enable OR logic module 136 includes first and second
optical inputs, that are mndividually optically coupled to first
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6

optocoupler 122 and second optocouplers 128, and a power-
up lead 138, which receives voltage when power generation
and distribution system 14 1s powered up for seli-test
purposes. When any one of the leads to enable OR logic
module 136 have voltage applied, enable OR logic module
136 causes signal generator 134 to output a signal to
amplifier 132. Amplifier 132 applies the signal to HVDC bus

34 through 1solation transformer 130, which 1s connected to
HVDC bus 34 through a secondary winding and a DC

current blocking capacitor 131.

With retference to FIG. 3, first SSPC 102 is shown. First
SSPC 102 includes a DC channel ground fault protection
device 150. DC channel ground fault protection device 150
includes a common mode current sensor 152 with a sense
inductor 154, a channel positive lead inductor 156, and
channel return lead inductor 158. Channel positive lead
inductor 156 1s connected in series with a DC channel
positive lead 36A of first DC channel 36. Channel return
lead inductor 158 1s connected 1n series with DC channel
return lead 36B of first DC channel 36. Sense inductor 154
1s electromagnetically coupled to both DC channel positive
lead 36 A and DC channel return lead 36B.

Common mode current sensor 152 1s sensitive to current
imbalance conditions, which 1n turn may indicate ground
fault events (occurrences). Sense inductor 154 of common
mode current sensor 152 1s connected to an amplifier 160.
Amplifier 160 1s arranged to apply an amplifier output to a
synchronous detector module 162, which converts the
amplifier output to a sense voltage corresponding to a
current induced 1n sense iductor 154 by current imbalance
between channel positive lead inductor 156 and channel
return lead inductor 158. When a ground fault event 1s
initially detected by leakage current module 106 of ground
fault protection device 100, and AC signal 1s placed on
HVDC bus 34 to identily the solid-state power converter
(1.e. first SSPC 102, second SSPC 104, etc.) responsible for
the ground fault event. The AC signal 1s selected at the
output of synchronous detector module 162, which includes
a narrow-band selective filter 163. Synchronous detector
module 162 applies the voltage to a comparator 164, which
compares the voltage to a channel reference voltage received
through a channel reference voltage reference lead 166.

Based on the comparison of the sense voltage and the
reference voltage, comparator 164 provides a disconnect
signal to a disconnect controller 168 operatively associated
with a disconnect switch connected 1n series with first DC
channel 36. This causes DC channel ground fault protection
device 150 to disconnect first SSPC 102 and loads connected
thereto from first DC channel 36. A DC current sensor 172
1s also connected in series with first DC channel 36 and 1s
operatively associated with disconnect controller 168 to
disconnect first SSPC 102 from first DC channel 36 1n the
event that overcurrent i1s detected, such as through incorpo-
ration of OR logic 1into disconnect controller 168. As will be
appreciated second SSPC 104 may also include a DC
channel ground fault protection device 150 that provides
corresponding ground fault protection to second DC channel
38 1n response to the AC signal applied to HVDC power
provided by HVDC bus 34.

With retference to FIG. 4, a common mode current sensor
170 1s shown according to another embodiment. Common
mode current sensor 170 1s similar to common mode current
sensor 152 with the difference that, instead of three inductors
(1.e. channel positive lead inductor 156, channel return lead
inductor 158, and sense inductor 154, each shown 1n FIG. 3),
common mode current sensor 170 mncludes a DC current
sensor 172, e.g. a coil, extending about both DC channel
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positive lead 36A and DC channel return lead 36B and
clectromagnetically coupled thereto. As above, imbalance 1n
current flows within between DC channel positive lead 36A
and DC channel return lead 36B will induce current 1n DC
current sensor 172 of common mode current sensor 170
when the AC signal from AC signal injection module 108

(shown 1n FIG. 2) 15 present.

Returming to FIG. 2, AC signal 1njection module 108 also
includes a delay logic module 140. Delay logic module 140
1s operatively connected to first contactor 11 of active
rectifier 32 (shown in FIG. 1) through a second contractor
42. Upon tolling of rectifier disconnect interval during
which current leakage from HVDC bus 34 fails to drop
below the current leakage threshold of HVDC bus 34, delay
logic module 140 opens a disconnect switch of first contac-
tor 11 and/or second contactor 13. As will be appreciated,
opening the disconnect switch disconnects HVDC bus 34
from either generator 16 or from both generator 16 (shown
in FIG. 1) and active rectifier 32 (shown 1n FIG. 1), thereby
ceasing current leakage from HVDC bus 34, DC channels
connected to HVDC bus 34, and from conductors outside of
DC channels connected to HVDC bus 34. In this respect the
delay interval provides an escalation in response to the
recognition of current imbalance on HVDC bus 34 wherein,
in the event that no imbalance 1s located on a DC channel
connected to HVDC bus 34, HVDC bus 34 1s disconnected
from 1ts power source.

With reference to FIG. 5, a method of protecting a power
system from ground faults 1s generally indicated with rei-
erence numeral 200. Method 200 includes receiving HVDC
power, ¢.g., through HVDC bus 34 (shown 1 FIG. 1), as
shown with box 210. Current leakage from the HVDC bus
1s determined, such as by using HVDC bus ground fault
protection device 100 (shown in FIG. 1), as shown with box
220. The determined current leakage from the HVDC bus 1s
compared against a current leakage threshold of HVDC bus,
as shown with box 230, and it the determined current
leakage 1s below the threshold, monitoring continues as
shown with arrow 232.

When 1t 1s determined that the current leakage from the
DC bus exceeds the current leakage threshold of HVDC bus,
current imbalance 1n one or more DC channels, e.g., first DC
channel 36 (shown 1n FIG. 1) and second DC channel 38
(shown 1n FIG. 2), 1s determined, as shown with box 240.
This may include causing DC channel ground fault protec-
tion devices connected to the DC to determine current
imbalance 1n the respective channels, as shown with box
242. As will be appreciated by those of skill in the art in view
of the present disclosure, determining current 1mbalance 1n
a given DC channel can include measuring and comparing
current tlow through positive and return leads of DC chan-
nels that are connected to the DC bus. Current imbalance in
a given DC channel 1s compared to a DC channel current
imbalance threshold, as shown 1n box 250.

If the determined current imbalance in a DC channel
exceeds the DC channel current imbalance threshold for the
DC channel, the DC channel 1s disconnected, as shown with
box 260. Imbalance 1n the DC bus 1s thereafter checked, as
shown with arrow 262, to determine whether disconnecting
the DC channel returned current leakage from the HVDC
bus to below current leakage threshold of the HVDC bus.

If the determined current leakage from the HVDC channel
remains above the current leakage threshold of the HVDC
bus, then the HVDC bus 1s disconnected from the power
source, as shown with box 270. It 1s contemplated that the
DC bus be disconnected from the power source after tolling
of a time delay interval, as shown with box 272. As will be
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appreciated by those of skill 1n the art 1n view of the present
disclosure, the time delay 1s (a) triggered by the application
AC signal to DC power flowing through the DC, and (b) 1s
ol suflicient duration to allow the DC channels connected to
the DC bus to determine current imbalance within the
respective DC channels, but 1s sutliciently short to prevent
damage to power system components.

The methods and systems of the present disclosure, as
described above and shown in the drawings, provide for
power systems with superior properties including improved
ground fault protection. In embodiments described herein,
clectronic components experiencing ground faults may be
isolated from electronic components not experiencing
ground faults. In embodiments, ground fault detection may
be improved by reducing (or eliminating) sympathetic trip-
ping and/or nuisance tripping. In embodiments, the size of
the common mode current sensor may be reduced. While the
apparatus and methods of the subject disclosure have been
shown and described with reference to preferred embodi-
ments, those skilled 1n the art will readily appreciate that
changes and/or modifications may be made thereto without
departing from the scope of the subject disclosure.

What 1s claimed 1s:

1. A power system, comprising:

a DC channel connected to a high-voltage direct current

(HVDC) bus;

an HVDC bus ground fault protection device connected to
the HVDC bus; and

a DC channel ground fault protection device connected to
the DC channel,

wherein the HVDC bus ground fault protection device 1s
operatively connected with the DC channel ground
protection fault device through the DC channel and 1s
configured to cause the DC channel ground fault pro-
tection device to disconnect the DC channel from the
HVDC bus based on current leakage from the HVDC
bus and current imbalance 1n the DC channel,

wherein the DC channel ground fault protection device
includes:

a common mode current sensor coupled to the DC chan-
nel;

an amplifier connected to the common mode current
SeNsor;

a synchronous detector connected to the amplifier; and

a comparator connected to the synchronous detector and
a channel reference voltage lead and configured to
output a disconnect signal based on a comparison of the
voltage corresponding current imbalance in the DC
channel and a reference voltage received through the
channel reference voltage lead.

2. A power system, comprising:

a DC channel connected to a high-voltage direct current

(HVDC) bus;

an HVDC bus ground fault protection device connected to
the HVDC bus;

a DC channel ground fault protection device connected to
the DC channel,

wherein the HVDC bus ground fault protection device 1s
operatively connected with the DC channel ground
protection fault device through the DC channel and 1s

configured to cause the DC channel ground fault pro-
tection device to disconnect the DC channel from the
HVDC bus based on current leakage from the HVDC
bus and current imbalance 1in the DC channel; and

a common mode current sensor coupled to the DC chan-
nel, wherein the common mode current sensor includes
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a sense winding electromagnetically coupled to posi-
tive and return leads of the DC channel.

3. The power system as recited in claim 2, wherein the
HVDC bus ground fault protection device includes a current
leakage module optically coupled to an AC signal 1njection
module.

4. The power system as recited 1n claim 3, wherein the AC
signal 1njection module includes an 1solation transformer
connected 1n series with a DC current-blocking capacitor,
the DC current-blocking capacitor being connected between
positive and return leads of the HVDC bus.

5. The power system as recited in claim 3, wherein the
current leakage module mncludes a wheatstone bridge con-
nected between positive and return leads of the HVDC bus.

6. The power system as recited 1n claim 2, further includ-
ing a power source and a disconnect switch connected 1n
series with the HVDC bus.

7. The power system as recited in claim 6, wherein the
disconnect switch 1s operatively connected to the HVDC bus
ground fault protection device.

8. The power system as recited in claim 6, wherein the
power source includes a permanent magnet generator alter-
nating current (AC) power source.

9. The power system as recited in claim 6, wherein the
power source icludes an active rectifier.

10. The power system as recited in claim 2, wherein the
HVDC bus ground fault protection device includes a delay
module configured to disconnect the HVDC bus from a
power source after a predetermined delay interval.

11. The power system as recited in claim 2, wherein the
DC channel includes the solid-state power converter, the DC
channel ground fault protection device being operative con-
nected to the solid-state power converter.

12. The power system as recited in claim 2, wherein the
DC channel ground fault protection device includes:

a disconnect switch connected to the DC channel;

a DC current sensor connected to the DC channel;

a disconnect controller connected to the DC current
sensor, the common mode sensor, and the disconnect
switch to disconnect the DC channel based on inputs
from the DC current sensor and the common mode
SeNsor.
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13. A method of protecting a power system from ground
faults, comprising:

recerving direct current (DC) power at a high-voltage DC
(HVDC) bus;
determiming leakage current from the HVDC bus;
determining current imbalance 1n a DC channel connected

to the HVDC bus if the HVDC bus current leakage
exceeds a HVDC bus leakage current threshold,

wherein determining current imbalance 1n the DC channel
includes sensing current flow through the positive and
return leads of the DC channel; and

disconnecting the DC channel from the HVDC bus when

the current imbalance on the DC channel exceeds a DC
channel current imbalance threshold.

14. The method as recited 1n claim 13, wherein determin-
ing current imbalance 1n the DC channel includes 1njecting
an alternating current (AC) signal into the DC power.

15. The method as recited 1n claim 13, wherein determin-
ing current imbalance in the DC channel includes determin-
ing current imbalance when an AC signal 1s present in DC
power supplied to the DC channel.

16. The method as recited 1n claim 13, further including
disconnecting the HVDC bus from a power source when
current leakage from the HVDC bus exceeds the HVDC bus
current leakage threshold HVDC bus leakage current thresh-
old for a predetermined time interval.

17. A method of protecting a power system from ground
faults, comprising:

recerving direct current (DC) power at a high-voltage DC
(HVDC) bus;
determiming leakage current from the HVDC bus, wherein

determining current leakage 1n the DC channel includes

sensing current flow through the positive and return
leads of the DC bus;

determining current imbalance 1n a DC channel connected
to the HVDC bus if the HVDC bus current leakage
exceeds a HVDC bus leakage current threshold; and

disconnecting the DC channel from the HVDC bus when
the current imbalance on the DC channel exceeds a DC
channel current imbalance threshold.
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